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The product of gene 20 (gp20) in bacteriophage T4 forms the proximal vertex of the head. It has been suggested that
gp20-rich fractions derived from the proheads can initiate core assembly in vitro and that gp20 plays an important role in
prohead and core assembly. However, the gp20 isolated from proheads or overproducing cells harboring gene 20 did not
work in vitro, owing to a strong tendency to aggregate. Native gp20 was purified from T4-infected Escherichia coli hdB3-1
cells, since it was shown that gp20 might not associate with membrane in this infection. Isolated gp20 is associated with
two other proteins in a gp20-complex, composed of a connector and a neck joined to six fibers. The gp20-complex is also
produced in T4 infection of E. coli groEL. Moreover, the complex can efficiently induce prohead and core assembly and is
very stable. q 1997 Academic Press
INTRODUCTION taining gp20 and core proteins, due to the hydrophobicity
of gp20. Therefore, we tried instead to isolate native gp20
The form of the T4 head seems to be determined at
from T4-infected cells, to investigate the process of core
the level of the prohead (Black and Showe, 1983) and a
assembly.
scaffolding core was proposed to serve as a mold for
No head-related structures are produced in Esche-formation of a head shell (Showe and Black, 1973; Black
richia coli B178 groEL44 (E. coli groEL) or E. coli hdB3-and Brown, 1976). Later, naked cores were noted in cells
1 infected with T4D at the restrictive temperature. E. coliinfected with T4 in the absence of active gp23 (Traub
groEL has a defect in gene groEL, whose product isand Maeder, 1984; Traub et al., 1984). Kuhn et al. (1987)
designated GroEL. E. coli hdB3-1 has a defect in geneshowed that the isolated naked core acted as a scaffold-
fat A, which results in an altered membrane lipid. Whening core to be surrounded with major shell protein gp23.
those cells are infected with T4, the major shell proteinThus an outline of T4 head morphogenesis is known
gp23 precipitates to form large aggregates called lumpsbut the process of prohead assembly, especially core
(Georgopoulos et al., 1972; Simon et al., 1975; Revel etassembly, is not known in detail. van Driel and Couture
al., 1980), and core proteins are dispersed within the(1978a) succeeded in assembling proheads in vitro using
cytoplasm (personal communication from M. Du¨rren-a mixture of dissociated prohead proteins. They also
berger; Carrascosa and Kellenberger, 1990). The sameshowed that gp20-rich fractions derived from the dissoci-
phenomenon was observed in E. coli B infected with T4ated proheads were able to initiate formation of prohead
310 (Laemmli et al., 1970), although in this case corescores in vitro and suggested that gp20 played a key role
were attached to the bacterial membrane (Traub andin core assembly (van Driel and Couture, 1978b). But
Maeder, 1984). M. Du¨rrenberger and E. Kellenberger ad-since a large amount of core proteins other than gp20
vised us of their experimental results as follows: Mem-were present in these fractions, the role of gp20 in the
brane-unattached gp20 may cause core proteins to dis-initiation of core formation remained unclear. Driedonks
perse within the cytoplasm. If this is correct, membrane-et al. (1981) purified gp20 from dissociated proheads,
free gp20 can be obtained from T4am22-infected E. colibut the activity of isolated gp20 was not investigated.
hdB3-1 cells, since E. coli hdB3-1 has a defect in theCaldentey et al. (1987) showed that a mixture of purified
membrane and core formation is blocked by the genecore proteins was able to make long core structures
22 mutation, resulting in accumulation of membrane-free(polycores). They isolated gp20 from overproducing cells
harboring gene 20 and attempted to include gp20 in the gp20 (Carrascosa and Kellenberger, 1990).
core protein mixture to make true cores. However, no In this paper we show that isolated gp20 forms a com-
core reassembly could be achieved with mixtures con- plex with two proteins with molecular weights of 34,000
and 50,000, which we call the gp20-complex. It is pro-
duced in T4am22 infections of E. coli groEL as well as1 To whom correspondence and reprint requests should be ad-
dressed at present address: Otani University, 603 Kyoto, Japan. E. coli hdB3-1. It can induce prohead assembly and form
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vertices of the prohead. Furthermore, the addition of The middle (fr. 9–12) and the bottom (fr. 19) fractions of
the glycerol density gradient were investigated by immu-gp20-complex to a mixture of core proteins induces the
formation of core-like structures. noblotting with anti-serum for GroEL or gp20.
In vitro assembly of polyheads, proheads, polycores,MATERIALS AND METHODS
and cores
Bacteria and phages
Isolation of prohead proteins and core proteins was
E. coli B was used as nonpermissive host. E. coli hdB3- performed as described by Caldentey et al. (1987). Isolated
1 (Simon et al., 1975) and E. coli B178 groEL44 (Georgo- proheads were dissociated in low ionic strength buffer (1
poulos et al., 1972) were defective in genes fatA and mM phosphate buffer) at 07. The mixture of prohead pro-
groEL, respectively. The bacteriophage T4 strains are a teins was centrifuged at 170,000 g for 1 hr to remove
double mutant 23(amH11)31(amN54) and a tetramutant nondissociated proteins and membrane fragments of cells.
10(amB255)18(amE18)22(amE209)23(amH11). To desig- This supernatant was used for prohead reassembly and
nate the amber mutant amH11 in gene 23 of bacterio- for purification of core proteins. Purification of core proteins
phage T4, we used the abbreviation 23(amH11), or am230. was done over a hydroxyapatite column as described by
Caldentey et al. (1987). Each purified core protein was
Purification of gp20-complex suspended in 5 mM phosphate buffer (pH 7.2) and stored
at 0807. For assembly experiments, the following reactionFifty liters of E. coli hdB3-1 growing to 5 1 108 cells/
mixture was adjusted to the appropriate concentration withml was infected with T4am100180220230 and superin-
buffer P. The core protein mixture contained 0.4 mg/mlfected 8 min later at m.o.i. of 5 at 307. Sixty minutes after
gp22, 0.5 mg/ml of a mixture of the internal proteins (IPI,infection, the infected cells were harvested by low speed
IPII, IPIII), and 0.13 mg/ml each of gp67 and gp68 (finalcentrifugation. The pellet of infected cells was divided
concentration). The final concentration for a mixture ofinto 10 parts and then stored at 0807. One part was
prohead proteins was about 2 mg/ml and that of gp20-suspended in 50 ml of 10 mM phosphate buffer (pH 7.2)
complex was 0.1 mg/ml. To the mixture of prohead orcontaining 5 mM b-mercaptoethanol (buffer P) and 10
core proteins was added 6% polyethyleneglycol 6000mg/ml DNase I at room temperature. This treatment was
(PEG6000), 10 mM MgCl2 , with or without gp20-complex;sufficient to lyse the cells. After cell lysis, the cell debris
this was incubated overnight at room temperature. Forwas discarded after centrifugation at 25,000 rpm for 1 hr
electron microscopy, samples were crosslinked with 5%at 27. To the supernatant, solid ammonium sulfate, was
formaldehyde and stained with 1% uranylacetate.added to 30% saturation at 07 and the precipitate was
dissolved in buffer P. This solution was loaded on a
Polyacrylamide gel electrophoresis and WesternSepharose 6B column. GroEL or gp20 in fractions from
blottingthe gel filtration were detected by Western blotting with
anti-GroEL serum or anti-gp20 serum, respectively, and SDS–PAGE was performed according to Laemmli
Coomassie blue staining following SDS–polyacrylamide (1970). Proteins were blotted onto nitrocellulose mem-
gel electrophoresis. Fractionated gp20 was concentrated brane sheets, as described by Towbin et al. (1979). After
10-fold at 47 and then centrifuged through a 10–30% antibody treatment of the blots, the reacting bands were
glycerol density gradient on a 70% sucrose bed at 35,000 detected by the peroxidase reaction according to De Blas
rpm for 15 hr at 27. Gp20-containing fractions were and Cherwinski (1983).
pooled and concentrated after dialysis against buffer P
and then stored at 0807. RESULTS
Purification of gp20-complexLocation of gp20 and GroEL in infected cells
A hundred milliliters of E. coli B or E. coli B178 groEL44 (1) Sepharose 6B gel filtration. In order to isolate gp20,
E. coli hdB3-1 cells were infected and extracts preparedgrowing to 4 1 108 cells/ml were infected with
T4am100180220230 and superinfected 8 min later at 37 as described above. The 30% saturated ammonium sul-
fate precipitate was suspended in buffer P and loadedor 417, respectively. E. coli B was infected with
T4am230310 at 377 the same way. At 60 min after infec- on a gel filtration column of Sepharose 6B. The solution
of void fractions 1–3 was very turbid and contained celltion, infected cells were harvested by centrifugation. The
pellet was frozen in liquid nitrogen and suspended in 1 vesicles which were observed by electron microscopy.
We followed both gp20 and GroEL, because gp20 mightml of buffer P containing 10 mg/ml of DNase I. Following
lysis, cell debris was removed after centrifugation at be bound with GroEL. Figure 1 shows SDS–PAGE pat-
terns of fractions 1–10 of the gel filtration by staining (A)4,000 rpm for 10 min. The supernatant was centrifuged
through a 10–30% glycerol density gradient containing and Western blotting with anti-GroEL serum (B) or anti-
gp20 serum (C). Gp20 was collected in fractions 1–2,70% sucrose on the bottom at 30,000 rpm for 15 hr at 27.
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the gp20. Proteins were eluted with a NaCl gradient of 0–
0.5 M and gp20 was eluted around 0.2 M NaCl. However,
these fractions still contained the 65 kDa (gp20), 50 kDa,
and 34 kDa proteins, and the amounts of the three pro-
teins were proportional throughout the gp20-containing
fractions (data not shown). These results suggest that
gp20 is associated with 50 and 34-kDa proteins, which
we call the gp20-complex.
Structure of gp20-complex
Fractions 9–11 of the glycerol density gradient centrif-
ugation were pooled, concentrated 10-fold after dialysis
against buffer P, and then the gp20-complexes were ob-
served by electron microscopy (Fig. 3). The ring struc-
tures seen are characteristic of connectors (Driedonks
et al., 1981). Moreover, we can observe that the connec-
tor has six fibers, and the inset appears to show that they
are longer than the connectors reported by Driedonks
et al. (1981). They are composed of the connector and
something having fibers. Since the gp20-complex is com-
posed of gp20, 50 and 34-kDa proteins, the structure
having the fibers may be formed from these proteins.
Structures similar to gp20-complex have not been re-
ported yet, but the T4 phage particle has a neck with six
fibers called whiskers, and the neck structure is com-
posed of gp20, neck proteins and gpwac (Coombs and
Eiserling, 1977).
FIG. 1. Sepharose 6B gel filtration of 30% ammonium sulfate precipi-
tate of lysate. E. coli hdB3-1 cells infected with T4am100180220230
Association of gp20 with the bacterial membranewere lysed by freeze-thawing, and the cell debris was removed by
centrifugation at 25,000 rpm for 1 hr. Ammonium sulfate was added to
We found that the gp20 did not associate with the30% saturation to the supernatant at 07. The precipitate was dissolved
membrane but formed instead the gp20-complex inin buffer P and then loaded on a Sepharose 6B gel filtration column.
Eluted fractions 1–8 were subjected to SDS–polyacrylamide gel elec- T4am100180220230 infections of E. coli hdB3-1. We in-
trophoresis. (A) Coomassie blue staining. (B) and (C) immunoblotting vestigated the formation of gp20-complex in the host E.
with anti-GroEL serum and anti-gp20 serum, respectively. Nos. 1–8
are fractions from the gel filtration. No. 9 is a precipitate of centrifuga-
tion (25,000 rpm for 1 hr). No. 10 shows the supernatant of salting out
with 30% ammonium sulfate.
like the gp20-rich fractions seen by van Driel and Couture
(1978b), while GroEL was in fractions 4–6. Therefore,
GroEL did not associate with gp20.
(2) Glycerol density gradient centrifugation. For further
purification, fractions 1–2 were pooled, concentrated
about 20 times, and centrifuged through a 10–30% glyc-
erol density gradient. Western blotting showed that gp20
was distributed from fraction 8 to the bottom (data not
shown). As shown in Fig. 2, the protein patterns con-
tained in fractions 9–12 and fraction 15-bottom differ, so FIG. 2. Sedimentation of gp20 through a 10–30% glycerol density
both the middle fractions and the bottom fractions were gradient centrifugation. Fractions 1 and 2 of gel filtration (Fig. 1) were
pooled and loaded on a 10–30% glycerol density gradient with a 70%examined. The bottom fractions contained membrane
sucrose cushion at the bottom, then centrifuged at 35,000 rpm for 15vesicles but electron microscopy did not show typical
hr at 47. Fractions from left to right correspond to top to bottom of thering structures of gp20.
gradient. Lane 20 is a mixture of protein molecular weight markers,
(3) DEAE cellulose column chromatography. As the LMW calibration kit protein standards; phosphorylase b (94 kDa), albu-
middle fractions contained several proteins, DEAE cellu- min (67 kDa), coalbumin (43 kDa), carbonic anhydrase (30 kDa), trypsin
inhibitor (20.1 kDa), and a-lactalbumin (14.4 kDa).lose column chromatography was used to further purify
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FIG. 3. Gp20-complex observed under an electron microscope after negative staining with 1% uranylacetate. Arrows in the inset indicate structures
attached to the connectors. The bar represents 50 nm.
coli groEL and in 310 infections of E. coli B, which cause proteins (IPI, IPII, IPIII) and then incubated at room tem-
perature overnight. The sources of these proteins aregp23 precipitation as in T4 infections of E. coli hdB3-1.
E. coli B or E. coli groEL was infected with shown in Fig. 4.
van Driel and Couture (1978a) succeeded in assem-T4am100180220230 or E. coli B was infected with
T4am230310. Each cell lysate was fractionated after cen- bling proheads in vitro using a mixture of dissociated
prohead proteins. We repeated their experiment. Thetrifugation through a glycerol density gradient as de-
scribed under Materials and Methods. The middle frac- mixture of dissociated prohead proteins was incubated
at room temperature overnight after the addition of Mg2/tions (9–12) and the bottom fractions were analyzed by
immunoblotting with the antiserum for gp20 or GroEL.
The middle and the bottom fractions contain the gp20-
TABLE 1
complex and the membrane-bound gp20, respectively
Location of gp20-Complex and GroEL(Fig. 2). Table 1 shows that GroEL was contained in the
middle fractions in any case. Gp20 was contained in the
am100180220230 am230310
middle and the bottom fractions in both mutant hosts but
the middle fractions did not contain gp20 in the wild-type Antibody Host Middle Bottom Middle Bottom
host even in 310 infections. These results suggest that
hdB3-1 / /GroE function may participate in the membrane-associa-
antigp20 groEL / /tion of gp20 as well as in gp23 assembly.
B 0 / 0 /
hdB3-1 / 0
antiGroEL groEL / 0Activity of gp20-complex
B / 0 / 0
Reassembly of prohead and core was carried out to
Note. Each host was infected with T4am100180220230 or am230310.investigate the activity of the gp20-complex. Mg2/ (10
Extracts of infected cells were subjected to glycerol density gradient
mM), 6% PEG6000, and gp20-complex were added to a centrifugation as described under Materials and Methods. Middle or
mixture of dissociated prohead proteins or a mixture of bottom fractions were investigated by immunoblotting with antigp20 or
antiGroEL serum.purified core proteins, gp22, gp67, gp68, and internal
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polycores. The formation of polycores appears to depend
mainly on the purification of core proteins.
The gp20-complex was added to the mixture of core
proteins and incubated at room temperature overnight.
Star-like structures are assembled as shown in Fig. 5D.
The size and form of these structures are uniform and
there are almost no disassembled proteins as in the
assembly of the polycores. Their assembly is reproduc-
ible and independent of the preparation of core proteins.
The core proteins stored at 47 or 0807 can be used for
more than several months. Our results suggest that the
star-like structures appear to be the prohead cores and
that the gp20-complex is required for their assembly.
FIG. 4. Purified core proteins, a mixture of dissociated prohead pro- DISCUSSION
teins and gp20-complex. The purified core proteins are (2) gp22, 29.8
kDa; (3) IPIII, 23.5 kDa; (4) gp68, 17 kDa; (5) gp67, 9.1 kDa. IPI (10 kDa), Membrane-association of gp20
and IPII (11 kDa) are shown at the bottom in (3) and (4). A mixture of
dissociated prohead proteins is shown in (6). (7) is gp20-complex and Many results have shown that gp20 binds to the mem-
(1) is the molecular weight markers, as described in the legend of brane in vivo (Brown and Eiserling, 1979a, b; Hsiao and
Fig. 2. Black, 1978b). Our results show that Gp20 membrane
association is prevented both in T4 infection of E. coli
groEL and of E. coli hdB3-1. On the contrary, gp20 binds
to the membrane in 31 infection of E. coli B (Table 1).and PEG6000. Immediately after the addition of Mg2/,
Carrascosa and Kellenberger (1990) have described thatthe aliquot became turbid and something precipitated
GroEL associates with gp20. These results suggest thatafter standing overnight. This mixture was cross-linked
the host GroE function participates in the gp20 mem-with 5% formaldehyde and observed in the electron mi-
brane association. With regard to this, it is known thatcroscope (Fig. 5A). Long polyheads are assembled from
gp20 needs gp40 to associate with the membrane onlythe mixture of prohead proteins. One or both ends of the
at high temperature. Hsiao and Black (1978b) proposedpolyheads have hemispheric caps containing long cores.
a model in which gp40 helped provide a membrane-A few proheads are formed, but most of the reassembled
binding site for the proper assembly of gp20.structures are capped polyheads containing cores. The
Zeilstra-Ryalls et al. (1991) proposed a model forformation of hemispheric caps suggests that prohead
GroEL-GroES chaperonin action to assist protein folding.assembly started but the formation of distal vertices was
However, T4 bacteriophage, alone among the bacterio-delayed or prevented.
phages requiring GroE function for assembly, does notThe gp20-complex was added to the mixture of disso-
require GroES. In fact, van der Vies et al. (1994) haveciated prohead proteins under the same experimental
shown that despite the absence of amino acid sequenceconditions. As shown in Fig. 5B, many prohead-like struc-
similarity between gp31 and GroES, gp31 can function-tures, a few short polyheads, and other abnormal struc-
ally substitute for the GroES cochaperonin. We assumetures are assembled. These results suggest that the
that gp40 substitutes for GroES to help gp20 associategp20-complex enhances the assembly of proheads. van
with the membrane, since gp40 appears to be similar toDriel and Couture (1978b) showed that a mixture of core
gp31. The molecular weights of gp31 and gp40 areproteins reassembled into core-like structures when
16,000 and 14,000, respectively. These are specificallygp20-rich fractions were added. The gp20-complex may
involved in an early stage of T4 head assembly but bothalso play some role in assembling the core.
gp31 and gp40 are quasi-late proteins (Castillo and
Caldentey et al. (1987) reported that a mixture of puri-
Black, 1978; Hsiao and Black, 1978a). Moreover, both
fied core proteins assembled into polycores. We re-
gene products do not incorporate into prohead or head
peated their experiment under the same conditions and and they are not cleaved in vivo during normal head
found similar results (Fig. 5C). Core proteins reassem- assembly. From these results, we consider that the host
bled into cylindrical, filamentous structures. The poly- GroE chaperonin action may be altered by replacing
cores are of various length but of almost equal width. GroES with gp40 for membrane-association of gp20.
They appear spongy and some are rather flexible. The
reassembly of polycores is achieved when core proteins Structure of gp20-complex
are used immediately after purification but not after stor-
age. Furthermore, the reassembly is not very efficient, Gp20-complex is composed of at least gp20, 50- and
34-kDa proteins, and electron microscopy shows thatsince there are many disassembled proteins around
AID VY 8322 / 6a22$$$342 12-31-96 09:49:43 vira AP: Virology
FIG. 5. Formation of polyheads, prohead-like structures, polycores, and core-like structures. (A) Formation of hemisphere-capped polyheads. A mixture of
dissociated prohead proteins was mixed with 10 mM MgCl2–6% PEG6000 and incubated at room temperature overnight. The mixture was crosslinked with
5% formaldehyde before preparation on an electron microscope grid. The sample was negatively stained with 1% uranylacetate. (B) Formation of prohead-
like structures. To a mixture of dissociated prohead proteins were added gp20-complexes, 10 mM MgCl2, and 6% PEG6000; the mixture was incubated and
AID VY 8322 / 6a22$$8322 12-31-96 09:49:43 vira AP: Virology
observed as described in (A). (C) Formation of polycores. The purified core proteins gp22, gp67, gp68, IPI, IPII, and IPIII were mixed with 10 mM MgCl2 and
6% PEG6000 and then incubated and observed as described in (A). (D) Formation of core-like structures. To a mixture of purified core proteins were added
gp20-complex, 10 mM MgCl2, and 6% PEG6000; the mixture was incubated and observed as described in (A). All bars represent 100 nm.
AID VY 8322 / 6a22$$8322 12-31-96 09:49:43 vira AP: Virology
407ISOLATION AND CHARACTERIZATION OF gp20-COMPLEX
the gp20-complex is composed of the connector and Caldentey et al. (1987). The addition of gp20-complex to
the mixture results in the formation of star-like structuressomething with fibers (Fig. 3). The T4 phage particle
has a neck composed of the connector and a neck (Fig. 5D), suggesting that the gp20-complex also plays a
role in assembling core proteins. van Driel and Couturestructure with six short fibers called whiskers; the mo-
lecular weight of the whisker protein (gpwac) is about (1978b) added gp20-rich fractions to the core proteins
and observed naked cores. These results suggest that52 kDa, while the neck protein gp13 which binds the
whiskers to the connector has a molecular weight of the gp20-complex derived from T4-infected cells has a
similar activity to the gp20-rich fractions derived from33,000 (Coombs and Eiserling, 1977). The relative con-
tent of gp20, gpwac, and gp13 in T4 phage particles dissociated proheads.
appears to be almost similar to that in gp20-complexes
(Vanderslice and Yegian, 1974). These results indicate ACKNOWLEDGMENTS
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